ABSTRACT
Introduction

50
The development and evaluation of reliable transmission blocking vaccines or drugs against 51 human malaria, relies on our ability to study the sexual biology of the parasites. Sexual Upmanis, 1968 ) and were initially difficult to reproduce (Weiss and Vanderberg, 1977) . These 63 production protocols were significantly improved in the following decades (C J Janse et al., 
70
Our goal here was to understand where the inefficiencies lie in previously published protocols 71 for in vitro P. falciparum ookinete production. We tested a range of different conditions for P.
72
falciparum cultures and compared sexual development in both P. berghei and P. falciparum 
82
Parasite production, culture and mosquito infection
83
The following parasite lines were used: P. berghei strain ANKA 2.34, PbGESTKO (Talman et   84 al., 2011) and P. falciparum NF54 and 3D7 strains. P. berghei strains were a kind gift from R.
85
E. Sinden (Imperial College London) and P. falciparum strains were a kind gift from R.
86
Dinglasan (University of Florida) and the late David Walliker (University of Edinburgh).
87
Equivalent strains are freely available through BEI Resources, NIAID, NIH
88
(www.beiresources.org) or European Malaria Reagent Repository (www.malariaresearch.eu).
89
P. berghei was maintained by cyclic passage in 6-to 8-week-old female Tucks Ordinary (TO) 90 mice. P. berghei gametocyte and ookinete production, conversion rate determination and
91
Anopheles stephensi infection were performed as previously described (Marques et al., 2014).
92
P. falciparum asexual parasite maintenance and gametocyte growth were performed as 
99
Cultured P. falciparum gametocytes were activated to form gametes by a decrease in 100 temperature and addition of xanthurenic acid-containing ookinete medium (prepared as 101 previously described (Bounkeua et al., 2010) ) at 14 to 18 days post-induction.
102
P. falciparum ookinete cultures were performed as previously described (Bounkeua et al., 
116
For Anopheles coluzzii N'gousso strain (Anopheles gambiae M form) infections with P.
117
falciparum, gametocyte cultures were spun down as above and spent medium was removed.
118
Initial gametocytaemia in the cultures was reduced to 0.3% with uninfected blood at 50% (Fig. 1A) .
196
Using this tool to easily identify and morphologically assess ookinete formation, we compared 
217
with these diffuse nucleus cell types is that they are observed in culture as early as 6 hpa ( 
219
Immunofluorescence showed that these RCO cell types (Fig. 2B) (Fig. 2B) . Taken together, these morphological and specific
225
antibody data suggest some RCOs are likely to be partially-activated male gametocytes that 226 have replicated their DNA, but have not undergone exflagellation.
227
In a previous study, electron microscopy sections of some RCOs revealed the presence of 228 apical complexes and microneme containing cells presumed to be ookinetes as these 229 organelles are not present in gametocytes or gametes, although they were not infectious to 230 mosquitoes (Bounkeua et al., 2010) . We speculate that these cells are likely arrested at retort 231 stage when the apical complex is present, but not fully mature enough to be infectious.
233
P. falciparum gametocytes show low fertility in vitro
234
Given the apparent low rate of gametocyte-to-ookinete/retort conversion that we observed in 235 vitro, it was essential to assess the intrinsic in vivo viability of our gametocyte cultures.
236
Individual P. falciparum gametocyte cultures were divided (n = 6 independent cultures), with 237 half the culture fed to mosquitoes in a Standard Membrane Feeding Assay (SMFA) and the 238 remainder allowed to form ookinetes in vitro using our simplified protocol. In parallel, P.
239
berghei gametocytes (n = 6 mice) were subjected to a similar SMFA and in vitro ookinete 240 culture using the established P. berghei protocol. At 26 hpa, cultures were harvested and 241 midgut bloodmeals extracted. All were stained with anti-Pfs25-Cy3 (P. falciparum) or anti-
242
Pb28-Cy3 (P. berghei) and conversion assessed by quantifying round cells (female gametes) 243 vs retorts/ookinetes. As expected, conversion rates in P. berghei were high both in vivo and in vitro (in vivo range: 47.0-57.2%; in vitro range: 63.8-83.7%; Fig. 3, Supplementary Fig. 2 ).
245
In vitro conversion was significantly higher, as often seen with P. berghei, and is likely 246 attributed to culture medium dilution of inhibitory conditions linked to the high asexual 247 parasitaemia also present. Contrastingly, whilst P. falciparum conversion in vivo was relatively 248 efficient albeit variable, the corresponding in vitro conversion was extremely low (in vitro range: 249 3.2-7.2%; in vivo range: 34.9-71.0%; Fig. 3, Supplementary Fig. 2 ). Taken together, these 250 findings show that our P. falciparum gametocytes are viable for onward development in the 251 mosquito; however, unlike P. berghei, this does not translate into efficient in vitro development.
252
To understand whether this species discrepancy was due to a failure of P. falciparum zygotes 253 to progress developmentally, or a failure of male and female gametes to fertilise, we examined 254 parasite fertilisation by flow cytometry. Cultures of P. falciparum and P. berghei were stained 255 4-5 hours post activation with anti-Pfs25-Cy3 and anti-Pbs28-Cy3, respectively, as well as
256
Hoechst staining to measure the DNA content within these populations (Fig. 4) 
263
closely matches the P. berghei conversion rate observed in vitro (Fig. 3) . In P. falciparum, two 264 populations of Pfs25-positive cells were observed -one forming a large peak at low Hoechst 265 intensity and the other forming a very small broad peak at higher Hoechst intensity (Fig. 4B) .
266
Again, the higher-intensity peak approximates to the conversion rate we observed by 267 microscopy for P. falciparum (Fig. 3) 
290
One of the key differences between P. falciparum and P. berghei gametocytes used in these
291
conversion experiments is that the P. berghei gametocytes have developed and matured
292
within their mammalian host rather than artificial culture conditions. Therefore, it was 293 speculated that the in vitro fertility of cultured gametocytes might be improved by addition of
294
"missing" in vivo factors during culture development (Fig. 5D) parasite apoptosis is not a major factor in fertility.
309
Since the conditions tested here for pre-ookinete culture induction did not have a positive
310
impact on conversion efficiency, alterations to conditions post-induction were tested (Fig. 5E ).
311
P. berghei ookinete culture is routinely performed at ambient gas concentrations. We found 312 that culturing in a low oxygen, high carbon dioxide environment (asexual "malaria gas") had 
325
(activation/fertilisation step) was found to be essential and sufficient for conversion rates 326 identical to our control protocol, and could not be replaced with ookinete medium alone, which 327 totally abrogated conversion. P. falciparum ookinete medium formulation could be replaced with P. berghei ookinete medium (containing xanthurenic acid) provided the initial human 329 serum incubation step was maintained.
330
This extensive assessment of variables strongly suggests that the single most critical factor 
474
Representative images are shown from a minimum of triplicate experiments. Scale bar = 5µm. 
